Gene therapy is a potentially powerful treatment approach that targets molecular remedies for disease. Among other challenges it remains difficult to monitor gene delivery and its downstream metabolic consequences. Approaches to MRI gene reporters have been reported but few have the potential for translation beyond isolated cell systems. Herein, we report a polycationic polymer MRI contrast agent that binds to DNA in a ratio of one monomer unit per phosphate group of DNA. Significantly, this binding event diminishes the MR contrast signal from the agent itself potentially providing a platform for imaging delivery and release of a gene into cells and tissues. Importantly, we demonstrate here the proof of concept that a positively charged polymeric contrast agent can also act as a transfection agent, delivering the gene for encoding green fluorescent protein into cells. These observations provide support for the radical, new idea of creating a combined transfection/imaging agent for monitoring gene delivery in real time by MRI. † Electronic supplementary information (ESI) available: Supplementary figures.
Introduction
Gene therapy, selectively correcting the genetic code of diseased cells, offers the prospect of treating many ailments at the molecular level.1 However, introducing new genetic code into cells is not a trivial exercise. The polynucleic acids in which genes are contained consist of long, negatively charged polymers and strong Coulombic repulsions with highly negatively charged cell membranes provides a natural barrier for gene delivery. To overcome this barrier transfection agents are required to deliver genetic code across these membranes.1 Successful gene therapy also requires the subsequent delivery of the new genetic code into the cell nucleus where genetic expression takes place. Viruses, which possess an innate ability to introduce foreign genetic code into cells, have been adapted for gene therapy with some success.1 -3 Viral vectors have limitations however, particularly with respect to their propensity to stimulate an immune response. 4 An alternative approach frequently considered for gene therapy is to bundle the anionic nucleic acids with cationic polymers, thereby neutralizing the charge and allowing passage of the polynucleic acid into cells.1 Many cationic polymers have been investigated for their potential utility to reliably transfect cells with non-native DNA.1 Although the development of gene therapy in clinical practice has stalled at the clinical trail stage, recent developments have shown extremely promising results: for example curing adenosine deaminase (ADA) deficiency,2 , 3 or restoring the sight of those with Leber's congenital amaurosis.5 However, one limitation of current gene therapy technology, whether viral or polymer based, is that it is difficult to track its progress in vivo. There is considerable interest in being able to track gene therapy on two levels: first, by monitoring the distribution of the new genetic code throughout all tissue and second, assessing the outcome of gene transfection. This has stimulated modification of gene therapy agents to include reporters for detection by imaging modalities such as MRI.6 -8 For practical applications it is often only possible to measure the success of gene therapy by waiting to see if the new genetic code is expressed and to measure the biological effects of that expression. Clearly, a method by which the success of gene therapy can be measured immediately and non-invasively would be a valuable addition to the gene therapy tool kit.
MRI is a technique by which images of soft tissue can be generated in a safe and noninvasive manner. As such, it is the ideal technique for consideration as a method by which gene therapy might be monitored. Recent reports have suggested that the cationic polymers used to bundle nucleic acids,9 , 10 and even the nucleic acids11 themselves could function as markers for gene therapy in MRI scans. These reports were based upon the idea that it is possible to apply a frequency selective, low energy pulse to protons of the polymer or nucleic acid that are in exchange with those of the bulk water of tissue. It is these bulk water protons that are monitored by MRI and by applying a frequency selective pulse we 'saturate', or wipe out the signal, from these exchangeable protons. When these protons move into the bulk water, the signal intensity of bulk water is reduced, generating image contrast in an MRI through a chemical exchange saturation transfer (CEST) mechanism. 12 , 13 Although this approach allows image contrast to be generated specifically from the nucleic acid or polymer with which it was bundled, it cannot provide a means of tracking the effectiveness of gene therapy. The exchangeable protons used to probe the nucleic acid and polymer are ubiquitous in vivo and no means exist to discriminate contrast arising from the gene therapy agent and that arising from the background biological medium. Furthermore, this approach would not afford any change in contrast intensity when transfection has occurred successfully.
These reports suggesting that gene therapy could be imaged by MRI did, however, prompt us to consider a polymeric MRI contrast agents (Chart 1) developed recently in our lab.14 Although these polymeric contrast agents were originally conceived as a method of increasing agent delivery in targeted imaging applications, one of these polymeric agents is highly positively charged-with an average of 51 positive charges spread over an average of 17 monomer units per polymer-and thus, to our mind, potentially had the necessary attributes to facilitate gene therapy tracking by MRI. We had previously demonstrated14 that these polymeric agents could be used to generate image contrast by MRI using the same CEST mechanism used by van Zijl and coworkers.9 -11 However, in this case the active component of the agent, from an MRI perspective, was a chelate of the paramagnetic ion Eu 3+ . Among other advantages,12 the paramagnetic CEST (PARACEST) approach allows the specific detection of the cationic polymer in biological media because activation of the agent requires that the frequency selective pre-saturation pulse be applied at ~50 ppm, far away from the resonance frequency of any exchangeable endogenous protons.
Results

Cationic PARACEST polymers bind effectively to DNA
The first stage in the evaluation of the positively charged PARACEST polymer was to assess its ability to bind to DNA, without which it would most certainly be unable to mediate the transfection of cells. The bundling of DNA by cationic polymers is commonly investigated by monitoring the displacement of ethidium bromide, a DNA interchelator, that occurs when bundling polymers bind to DNA.15 This convenient method can be followed by examining the fluorescent emission of the ethidium bromide, which is strongly emissive when interchelated in DNA but only weakly emissive once displaced by binding of DNA with a cationic polymer. 15 The cationic polymer Eu1, when titrated into a sample of salmon testes DNA interchelated with ethidium bromide, clearly displaced ethidium bromide as evidenced by the quenching of ethidium bromide emission at 590 nm ( Fig. 1) . Control experiments using the neutral polymer, Eu2 (obtained by hydrolysis of the ethyl esters of Eu1), or the monomer, Eu3 3+ , did not displace ethidium bromide significantly. This indicates that, as expected, only the poly-cationic polymeric agent, Eu1, is capable of DNA binding. The stoichiometry of the binding event between DNA and Eu1 was determined by measuring the absorbance of a sample of DNA from salmon testes at 260 nm, which enabled the nucleotide-phosphate concentration to be calculated from previously described methods. 16 This procedure demonstrated that DNA bundles with the cationic polymer Eu1 such that there is one Eu 3+ monomer residue of polymer present per nucleotide phosphate group of DNA ( Fig. 1 ).
Binding to DNA suppresses CEST contrast from polymeric contrast agents
The contrast enhancing properties of Eu 3+ -based PARACEST agents are extremely sensitive to the local environment of the Eu 3+ ion. 12 , 13 , 17 We reasoned that contrast enhancing properties of Eu1 would be altered upon binding to DNA since this would almost certainly lead to changes in the local environment of Eu 3+ . To test this hypothesis, DNA from salmon testes was titrated into a 5 mM solution of Eu1 in PBS at pH 6.96. After each addition, the contrast agent was assessed by recording its CEST spectrum (Fig. 2 ). In this spectrum, the signal intensity of the bulk water signal was measured as the pre-saturation frequency was varied across the spectrum. In this way, it is possible to establish at which pre-saturation frequencies contrast enhancement occurs and the extent of that contrast enhancement. The pre-saturation frequency at which contrast enhancement is obtained from Eu1 was found to be unaffected by binding to DNA (Fig. 2) ; pre-saturation at +52 ppm continues to afford the greatest contrast enhancing effect from the polymer. Perhaps more significantly however, DNA binding markedly diminishes the extent to which this polymer is able to generate contrast; the contrast enhancing ability of Eu1 is found to diminish with each successive addition of DNA to the solution. As anticipated, the contrast enhancing abilities of the neutral polymer Eu2 and the monomer Eu3, which do not bind to DNA, were unaffected by the addition of DNA (ESI Fig. S1 †) . Even when the concentrations of Eu 3+ in the polymer and the nucleotide-phosphate of DNA are almost equal (5 mM Eu 3+ and 5.76 mM phosphate), the polymer Eu1 is still able to generate image contrast after pre-saturation at +52 ppm. Thus, the distribution of a gene therapy agent based on Eu1, post in vivo administration, could potentially be monitored using MRI and pre-saturation at +52 ppm. One further aspect of gene therapy could potentially be monitored by MRI using polymeric contrast agents, such as Eu1, as transfection agents. On the basis that the genetic machinery of a cell cannot read genetic code stored within a polynucleic acid introduced by gene therapy until the nucleotide has been released by the transfection agent, the change in CEST from Eu1 observed upon DNA binding may provide an entry into methods by which the expression of the introduced genetic code itself may be monitored. As the genetic machinery sets to work expressing the introduced genetic code Eu1 must come unbound from the nucleic acid, altering the magnitude of the CEST effect arising from Eu1 (Fig. 2 ). Unlike conventional contrast enhancing systems that would require knowledge of the agent concentration to report information such as changes in agent binding, it should be possible to relate these changes in CEST magnitude to changes in polymer-nucleic acid binding by employing a previously proposed ratiometric detection method. 13 , 18 Careful examination of the CEST spectra in Fig. 2 reveals that although there is a sizable change in CEST as Eu1 binds to DNA when the pre-saturation pulse is applied at +52 ppm, there is little to no change in CEST upon binding to DNA when the pre-saturation pulse is applied at +42 ppm. That means that by taking the ratio of the CEST (contrast) generated after pre-saturation at +52 ppm and pre-saturation at +42 ppm in an MR image it would be possible to determine the amount of Eu1 that had become unbound from DNA (Fig. 2 inset) . The expression of the new genetic code can only occur if the nucleic acid is no longer bundled with the polymer. Even though for successful gene therapy several factors are important, such as uptake of plasmid to the nucleus, an MR scan that indicates release of the polymer may provide an ouvre into an effective means of monitoring the success of gene therapy by imaging.
Polymeric contrast agents can mediate transfection
Binding to DNA and generating image contrast in MR images are just initial prerequisites for monitoring the progress of gene therapy by MRI. Of critical importance is that the polymeric contrast agents are themselves able to transfect cells with new genetic code. Transfecting cells with a plasmid DNA that encodes for green fluorescent protein (GFP) is a convenient method of assessing the viability of transfection agents for gene therapy. In this experiment cells that are successfully transfected with a GFP plasmid under the constitutive EF1-α promoter will begin to produce GFP and become fluorescence positive, whereas those that have not been transfected will remain negative. Samples of plasmid DNA encoding for GFP were mixed with varying amounts of Eu1 for 20 min before being introduced to HEK293 cells. Initial experiments were performed using 1.4 μg of the plasmid DNA, conditions which are known to induce a high level of transfection when lipofectamine is employed as the transfection agent (ESI Fig. S2 †) , varying the amount of potential transfection agent employed. Cells were then examined by fluorescence microscopy and flow cytometry to assess the extent to which the cells underwent transfection. Under these conditions it was found that cells could be transfected with foreign genetic code using Eu1 (ESI Fig. S2 †) . Although the levels of transfection were low, relative to the levels achieved using lipofectamine (a maximum transfection efficiency of 0.83% was obtained versus 100% for lipofectamine), the results were significantly better than those obtained with either the neutral polymer Eu2 or monomer Eu3 3+ for which no transfection was observed ( Table  1 ). Varying the amount of plasmid DNA employed while holding the amount of Eu1 constant afforded comparable results ( Fig. 3 and Table 2 ). The success, or otherwise, of transfection attempts using Eu1 was found to be highly dependent upon ratio of polymer to DNA; transfection was only observed when the Eu 3+ :nucleotide-phosphate ratio was between 20 and 150 (Tables 1 and 2, ESI Fig. S3 †) . It has been reported that chloroquine can assist transfection by promoting the release of material from endosomes.19 , 20 Accordingly, transfection studies were repeated in the presence of increasing concentrations of chloroquine. However, flow-cytometry data showed that neither the extent of transfection nor the level of gene expression per cell was improved by the presence of chloroquine (ESI Figs. S4 and S5 †). This may indicate that bundles of plasmid DNA with Eu1 do not become entrapped in endosomes. Furthermore, the introduction of chloroquine did not result in transfection when using Eu2 or Eu3 3+ .
One further design consideration for a gene therapy agent is whether and how fast the transfection agent is eliminated from intracellular space. Accordingly, cells were incubated with Eu1 and plasmid DNA for 4 h using the most successful ratios determined herein. After 4 h fresh cell growth medium was introduced and the cells incubated further. After washing with PBS to eliminate additional extracellular Eu1 the cells and their nuclei were lysed and the intracellular Eu 3+ content determined by ICP-MS. These experiments showed that Eu1 leaves the cells fairly rapidly post-transfection (ESI Fig. S5 †) . Elimination from the cell interior is not a simple exponential clearance function and it appears that a certain component of Eu1, possibly the intra-nuclear component, is retained much longer.
Discussion
The polymeric cationic contrast agent Eu1 demonstrates the proof of principle that it should be possible to design MRI contrast agents that can bind to and transfect cells with nucleic acids, reporting both the location and expression of this new genetic code in MR images. Although the cationic polymer Eu1 is not an effective enough transfection agent itself to be taken forward as a potential gene therapy agent, it does-unlike the discrete monomeric agent Eu3 3+ and the neutral polymer Eu2-bind DNA such that ethidium bromide is completely displaced from the double helix at a binding ratio of one Eu 3+ chelate per nucleotide phosphonate. However, considerably higher ratios of Eu 3+ to nucleotide phosphate are required to effect the transfection of HEK293 cells suggesting that, in this case at least, it is necessary to have many more than four positive charges per base pair before transfection can occur. It is worthy of note that if the Eu 3+ :nucleotide-phosphate ratio becomes too high then transfection ceases to occur, presumably this is the result of the bundle breaching the size and charge limitations that are known to determine endocytosis of the DNA-polymer bundle in these types of systems.21
The polymeric contrast agent Eu1 is capable of generating image contrast even when bound to DNA, thereby potential providing a means to track the physical location of a gene therapy agent. However, DNA binding alters the magnitude of image contrast generated by Eu1 and applying a suitable ratiometric detection method, vide infra, may provide an MRI method of detecting the unbinding of Eu1 from the delivered nucleic acid. Since unbinding is a prerequisite for gene expression, this may provide an entry into imaging the expression of genetic code delivered by gene therapy. This report demonstrates only a possible future direction of research into both gene therapy and MRI contrast agents. Clearly, for such the approach proposed herein to be viable then both the CEST and transfection efficiency of the cationic polymeric agent would have to be improved such that lower Eu 3+ to nucleotide phosphate effective ratios and detection limits were achieved. At current efficiency levels the quantities of Eu 3+ present in cells post-transfection with Eu1 are too low to be detectable by CEST. A further improvement in the ability of Eu1 to mediate transfection would also be required to ensure sufficient genetic delivery.
Despite these obvious limitations of Eu1 it amply proves the principle that a polymeric contrast agent itself could be used to mediate and report on transfection. Such an approach may eliminate the need to modify a successful structure to incorporate an imaging agent, with the potential risk of transfection capability loss that is associated with established labeling techniques. The structure of Eu1 may be varied almost infinitely; for example, the three amide substituents may be independently varied allowing control over the hydrophilicity and charge of each monomer residue, co-polymers can be introduced to alter the spacing of each chelate monomer,22 and the length of the polymer can be altered by changing the amount of initiator employed during synthesis.14 With such variability on offer, it is reasonable to believe that a polymer, similar to Eu1, could be developed that will bundle nucleic acids and effectively transfect cells with the genetic code bundled therein. The CEST that arises from this nucleic acid/contrast agent bundle can be used to track the location of the gene therapy agent once it has been administered. Finally the increase in CEST that is observed as the polymer is forced to unbind from the nucleic acid during gene transcription could be used to monitor the progress and overall success of the gene therapy. From this work one could envision that polymeric PARACEST contrast agents may offer an all-in-one solution to the problem of tracking gene therapy in vivo.
Experimental
Binding studies of polymeric contrast agents with DNA Stock solutions of DNA (nucleotide phosphate concentration, 1.24 mM) (from salmon testes Sigma-Aldrich), ethidium bromide (0.76 mM) and polymer contrast agent (0.60 mM) where prepared in 10 mM PBS (pH 7.03). The nucleotide phosphate concentration of the DNA stock solution was determined from absorption measurements at 260 nm, using an extinction coefficient of 6600 M -1 cm -1 ,23 as previously described. 16 11 samples were then prepared in which 9 μL of the DNA solution and 3 μL of ethidium bromide and 1.8 mL of PBS buffer were incubated at 298 K for 30 min. 0, 2, 4, 6 10, 14, 20, 26, 34, 44 or 54 μL of the polymer stock solution was added to each sample and the volume made up to 1.866 mL by addition of water. The emission spectrum of each sample was the recorded on a Perkin Elmer LS50B flourimeter, exciting at 525 nm and using 15 nm excitation and emission slits.
Determining the effect of DNA-binding upon CEST
A stock solution of DNA (nucleotide phosphate concentration = 20 mM), which also contained polymer at a concentration of 5 mM, was prepared. 400 μL of a 5 mM polymer solution in 10 mM PBS (pH 6.96) was placed in an NMR tube and the CEST spectrum recorded at 500 MHz and 298 K by measuring the intensity of the solvent water peak after the application of a 600 Hz pre-saturation pulse for 4 s. The spectrum was generated by altering the frequency of the pre-saturation pulse from +80 to -60 ppm in 1 ppm intervals. After the acquisition of each CEST spectrum 35 μL of the DNA stock solution was added to the NMR sample and another CEST spectrum acquired.
Transfection studies
Plasmid DNA-The plasmid vector pQ100 containing an EF-1α/eGFP expression cassette was a gift from Dr J. Vieira, University of Washington. pQ100 was prepared from E. coli using the Qiagen Maxi-prep kit, as per manufacturer's instructions, and the plasmid DNA was quantified using a Nanodrop spectrophotometer.
Transfection-For transfection studies, HEK293 cells maintained in Dulbecco's modified Eagle's Medium (DMEM) supplemented with 10% fetal calf serum (FCS) and penicillinstreptomycin-L-glutamine (PSG) were split one day before transfection and plated into 6well plates (Costar) at a density of 5 × 10 5 cells per well. Prior to transfection, the culture medium was removed and replaced with transfection medium. The transfection medium was produced by diluting DNA in 250 μL of OPTI-MEM and then added to a varied amount of the agent under investigation: Eu1, Eu2 or Eu3 3+ . The solutions were vortexed and allowed to incubate for 20 min at room temperature. Transfection using Lipofectamine 2000 was included as a positive control in each case. As per manufacturers suggestion 5 μL of Lipofectamine 2000 was diluted in 250 μL of OPTI-MEM plus 1.4 or 4 μg of pQ100. Incubation of 10 μg of naked DNA diluted in Opti-MEM was included as a negative control. The whole portion of each transfection mix was added to individual wells of cells for 4 hours and then complete DMEM medium was added and the cultures incubated for an additional 48 h. For experiments involving chloroquine, DNA complexes were formed in the same manner as described above, but mixed with chloroquine (0.5, 1, or 5 μM) prior to transfer to the cell medium. The cells expressing green fluorescence protein (GFP) were visualized using a Zeiss Axiovert 40 L inverted fluorescence microscope and pictures were captured using a digital camera.
Flow Cytometry-HEK293 cells were removed from the 6-well dishes and spun at 2,000 RPM for 5 min to pellet. The pelleted cells were washed in PBS, resuspended in 500 μL PBS and analyzed for GFP on a FACS Calibur (Becton Dickinson) utilizing Cell Quest software. Final data analysis was performed utilizing FlowJo software (Tree Star, Inc.).
Polymer elimination experiments-HEK 293 cells were incubated with Eu1 (0.6 μM of Eu 3+ ) and plasmid DNA (1.4 μg) for 4 hours after which the cell growth media was replaced with fresh DMEM media. Cells were incubated for a further period of time (0, 0.5, 1, 2, 4, 8, 24 and 75 h) before washingtwice with PBS. The cells were then lysed in 0.5mL/ well of lysis buffer containing: 50 mM Tris pH 7.4, 150 mM NaCl, 5 mM MgCl 2 0.5% NP-40, 1% SDS and 1 mM PMSF. The resulting samples were made up to 3 mL in 20% HNO 3 and then analyzed for Eu 3+ content by ICP-MS.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The addition of Eu1 to a solution of DNA from salmon testes (0.6 μM) interchelated with ethidium bromide results in a decrease in emission intensity of ethidium bromide. This decrease in emission intensity indicates binding of Eu1 to DNA (◆), neither Eu2 (■) nor Eu3 (○)were found to bind to DNA. The inset shows the fluorescence spectrum (λ ex = 525 nm) of ethidium bromide as Eu1 is added to the same solution. The CEST spectra of a 5 mM solution of Eu1 in 10 mM PBS (pH 6.96) recorded at 500 MHz and 298 K using a 600 Hz, 4 s pre-saturation pulse. The spectra are recorded at differing DNA concentrations which clearly show the CEST suppressing effect of DNA binding. The inset shows the ratio of CEST obtained by pre-saturation at +52 ppm over CEST obtained by pre-saturation at +42 ppm as a function of added DNA. Images demonstrating the successful transfection of HEK293 cells with GFP using 0.6 mmol of Eu1 and a) 5 μg and b) 10 μg of the plasmid DNA under a fluorescence microscope at 10× magnification; c) shows the result of a control experiment using lipofectamine and 4.0 μg of DNA. Table 1 The number of transfected HEK293 cells in each field of view of the fluorescence microscope (at 10× magnification) observed when exposed to 1.4 μg of DNA in the presence of differing amounts of each potential transfection agent The number of transfected HEK293 cells in each field of view of the fluorescence microscope (at 10× magnification) observed when exposed polymer (0.6 μmol of Eu 3+ ) in the presence of differing amounts of DNA 
